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This dissertation has been motivated by the increasing application of sensing 
technologies in structural health monitoring. Many wireless sensor techniques exist for structural 
health monitoring while a challenge faced is the finite lifetime of batteries. The objective of this 
dissertation is to develop passive wireless technology to provide early warning of conditions that 
damage the structure. In this dissertation, sensing mechanism is proposed based on time and 
frequency domain characteristics of magneto-inductive (MI) waves. Experimental results are 
also presented to demonstrate the sensing mechanism.   
MI waves are predominantly magnetic waves that are supported in periodic arrays of 
magnetically coupled resonators and propagate within a narrow frequency band around the 
resonant frequency. The array is to be embedded in a structure and different types of transducers 
can be integrated for different sensing applications. With the onset of structure defect, the 
transducer introduces an impedance discontinuity that generates reflected MI waves along the 
array, which are monitored and processed by Smoothed Wigner-Ville distribution (WVD) to 
extract time-of-flight for frequency components in the narrow passband. The transmission and 
reflection coefficients of MI waves are also investigated based on the lumped-element circuit 
vii 
 
model of the array. Based on MI waves travel time, amplitude and group velocity, the position 
and severity of structure defect are decided. The sensing mechanisms for different distribution of 
defects are proposed. 
The validity of the sensing mechanism is examined in experiments. The guided wave 
testing is implemented in one-dimensional square-shaped printed spiral resonators with Q-factor 
of 161 at 13.6 MHz. It demonstrates that low MI waves propagation loss is achieved with value 
of 0.098 dB per element at mid-band with center-to-center distance of half an inch. A pitch-catch 
measurement system is built to capture traveling MI signal in resonant element and extract group 
velocity, and a pulse-echo measurement system is designed to monitor reflected MI signal and 
locate structure discontinuity. In both measurement systems, MI waves are excited with wide 
bandwidth voltage pulse, and a digitizer is attached to sense the MI signal in a specific resonant 
element circuit. A baseline signal is obtained from the healthy state to use as reference and 
comparison with the test case using pitch-catch system. The test signal subtracted from baseline 
signal infers the structure damage information with time and frequency domain characteristics. It 
can offer an effective method to estimate the structure discontinuity location, severity and type of 
damage. The experimental results are consistent with the theoretical predictions. At the end, 
future directions for the research to integrate with other technologies are suggested. 
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Chapter 1  Introduction 
1.1 BACKGROUND 
The properties of guided electromagnetic waves have been investigated in great detail 
over the last several decades, from coaxial lines to optical fibers. Many transducers, resonators, 
couplers, filters, directional couplers, etc. have been designed to exploit the properties of guided 
waves. In recent years, the so-called magneto-inductive (MI) waves were proposed when 
investigating the properties of metamaterials [1] and the interaction between the resonant 
elements [2, 3]. MI waves are dispersive waves, and the periodic array of magnetically coupled 
resonant elements has been shown to theoretically support the propagation of MI waves [2]. 
Recent research has characterized the behavior and properties of MI waves, the design of 
waveguide elements, coupling mechanisms, dispersion relationships, and different MI waveguide 
structures [4–9].  
The first proposed MI waveguide consisted of a line of equally spaced, capacity-loaded 
metallic loops and was proven experimentally by Wiltshire et al. [6]. A one-dimensional array of 
Swiss Rolls was also demonstrated to support the propagation of MI waves [8]. Freire et al. built 
a MI waveguide with a periodic array of metallic split-squared ring resonators [10]. In addition 
to the one-dimensional waveguide, investigations were also concerned with the arrays of 
identical elements in two- and three-dimensions [11–14]. 
The subject of intensive investigation in recent memory involves the development of the 
MI waveguide structure and design of MI devices for different applications. The MI waveguides 
have been designed for applications as phase shifters, imaging lenses, MI cables, communication 
channels, and pipeline monitoring [4, 10, 12, 15–23]. Freire et al. proposed planar MI 
transducers as a delay line and two parallel planar arrays of broadside coupled split-ring 
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resonators (BC-SRRs) for subwavelength imaging [12]; Nefedov et al. incorporated the MI 
waveguide into the design of a broadband phase shifter [22]; Chan et al. explored the potential 
for MI waveguides to be used as one- and two-dimensional data-transfer channels [24]; Solymar 
et al. designed the detectors for magnetic resonance imaging based on the propagation of MI 
waves [25]; Syms et al. proposed thin-film MI cables using single-turn inductors and parallel-
plate capacitors [26]; Sun et al. used magneto-induction to accomplish underground wireless 
communication and pipeline monitoring [17–19, 23]; and we adopted the MI waveguide 
constructed by inductively coupled passive wireless sensors for sensing the onset of corrosion in 
reinforced concrete [27–29].  
The main objective of the research is to develop defect sensing mechanism with MI 
waveguide and demonstrate suitability for SHM applications. 
1.2 MOTIVATIONS 
 The proposed dissertation research has been motivated by an increased application of 
sensing technologies in structural health monitoring, specifically as it relates to the corrosion of 
embedded steel reinforcements. It is a serious problem worldwide since corrosion degrades the 
integrity of the steel, produces cracks and spalling, thereby decreases the lifespan of an 
infrastructure. Each year $22.6 billion are spent on replacing and repairing structurally deficient 
highway bridges due to corrosion [30]. The indirect cost resulting from traffic delays and lost 
productivity are approximately ten times this amount. Structures located in the coastal marine 
environment are even more susceptible. Early detection of corrosion, therefore, not only extends 
the service lift of structures but also significantly decreases the costs of maintaining those 
structures. Both wired and wireless sensor systems have also been developed to addresses the 
structural health problems by research groups and company. 
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The University of Texas at Austin developed the passive wireless Electronic Structural 
Surveillance (ESS) platform to monitor corrosion conditions in civil infrastructure [27, 35–42]. 
The ESS platform uses two circuits magnetically coupled through the inductive reader and tag 
coils. The ESS sensors operate using inductive coupling between a passive embedded sensor and 
an external reader. The embedded sensors provide real-time local information about existing 
reinforced concrete structures. The passive wireless corrosion sensors are effective in monitoring 
corrosion, and they are extremely simple and cost efficient for large-scale deployment. Since the 
sensors are battery-free and interrogated via inductive coupling, extending the read range of 
these sensors is a challenge. 
ElectraWatch developed the Embedded Corrosion Instrument (ECI), which provides 
early warnings of conditions that damage steel reinforcement, leading to cracking, spalling, and 
other deterioration of concrete structures [31]. All embedded ECIs are components of a wired 
local-area network. Coaxial wires are employed in this structural monitoring system for 
communication between sensors and repositories. Wired network can guarantee that 
measurement data are collected and distributed reliably. But wires have to be deployed all over 
the structure. Their installation can be expensive and maintenance labor-intensive.  
The Mote Wireless Sensor platform developed by University of California–Berkeley 
received great attention because both software (TinyOS) and hardware are open source [32]. 
Systems based on Mote have been deployed in a number of large-scale monitoring applications. 
For example, over 150 Motes have been implemented to monitor the weather and nesting 
condition of birds on Great Duck Island, Maine [33]. Fifty-nine nodes have been distributed over 
the span and tower of the Golden Gate Bridge to supervise acceleration of the structure [34]. 
Such studies have demonstrated that the high cost of installing wired sensors can be reduced by 
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taking advantage of wireless sensors, but feasibility and widespread adoption of wireless sensors 
is constrained by reliable power supply. 
Therefore, the objective of this research is to develop a new kind of sensing technology 
that is battery-free, low-cost, and has the ability to cover a relatively large area. The low-loss MI 
waveguide is proposed for SHM sensing applications and shows great potential in the area. First, 
the MI waveguide is constructed by passive resonators, which are battery-free and low-cost to 
fabricate. Second, the MI waveguide has larger coverage than a reader-tag pair due to a line of 
coupled resonators. Third, the MI waves can be excited in a prescribed, repeatable manner and 
received using coils. The propagating waves can be examined to estimate the location, severity, 
and even type of damage with a choice of transducers.  
The dissertation focuses on a design of the MI waveguide that generates and receives 
guided waves, explains how MI waves propagate along with the signal processing methodology 
to process MI waves. The one-dimensional MI waveguide lumped-element model for MI wave 
excitation and sensing is established. The validity of the model is examined in extensive 
simulations and experiments. In sum, the model is exploited to furnish design guidelines for the 
low-loss MI waveguide and sensing mechanism. 
1.3 SCOPE OF RESEARCH 
The methodology is to design one-dimensional low-loss MI waveguides and develop 
sensing mechanisms to monitor and locate defects. First, I will develop a one-dimensional low-
loss waveguide to support MI waves. Second, I will establish the relationship between defects 
and the characteristics of propagating MI waves. Finally, I will build the measurement system 
and execute the experiments and processing to validate theoretical predictions. 
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Chapter 2 designs the inductively coupled resonator consisting of low-loss MI 
waveguides and provides a detailed explanation of MI wave theory. The circuit model of the 
resonant element is given to help us optimize quality factor and magnetism. MI wave 
characteristics are understood by establishing circuit models, obtaining characteristic impedance, 
and solving dispersion relationship and group velocity. The effects of circuit component 
tolerance on the propagation of MI waves are also discussed.  
Chapter 3 investigates the sensing mechanism based on different MI waveguide 
structures. The discontinuities are introduced by variance of circuit components in the circuit 
model of MI waveguides. MI waveguides with different distribution of defects are discussed. 
The reflection and transmission coefficients and group-velocity change due to impedance 
discontinuities are studied, and sensing mechanisms are proposed. 
Chapter 4 builds measurement systems and verifies the design of the low-loss MI 
waveguide and proposed sensing mechanism. The experimental setups are designed for both 
frequency- and time-domain measurements. The measured incident and reflected MI waves 
caused by intended defects are processed by Time-Frequency Representation (TFR) methods to 
validate the sensing mechanism.  
Chapter 5 summarizes the findings of the research and identifies possible topics for future 
study. 
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Chapter 2  Design of Low-Loss Magneto-Inductive Waveguide 
2.1 INTRODUCTION 
The periodic structure consists of a set of magnetically coupled resonators that can 
support the propagation of MI waves within a narrow frequency band around the resonant 
frequency of the individual element. A key requirement in developing the MI waveguide is to 
demonstrate low propagation loss that depends on the quality factor of element and the strength 
of coupling between elements. Since traveling MI waves were first demonstrated in [6], much 
has been published about MI waveguides based on different individual resonators. Capacitively 
loaded loops [6, 17, 19], Swiss rolls [8], single-layer printed spiral coils (PSC) [24, 43–45], 
double-layer PSC [9], varactor-loaded split-ring resonators [46], capacitively loaded split-pipes 
[47], double-sided printed inductor and capacitors on interlayer dielectric, [48] and various kinds 
of split ring resonators [10, 49] have been proposed in the form of one- or two-dimensional 
periodic arrays to support MI waves. They are modeled using lumped-element circuits and 
operate at frequencies between 20 MHz to 4.5 GHz for different applications. The maximum 
quality factor designed is 123 with square split-ring resonators working at 240 MHz [24]. 
Attenuation as small as 0.12 dB per element at mid-band is achieved by a line of double-layer 
PSC with a resonant frequency of 156.4 MHz, Q-factor of 110, and spacing of 2.5 mm [9]. 
The aim of this chapter is to design high Q-factor resonant components to construct MI 
waveguides. First, the resonator geometry with lumped-element circuit parameters of individual 
element are provided and measured; secondly, MI wave theory is reviewed, and MI waveguides 
based on the designed resonator are studied; and finally, statistics about the effect of waveguide 
geometry on MI waves are discussed. 
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2.2 DESIGN OF PRINTED SPIRAL COILS 
The MI waveguide is a periodic magnetically coupled resonator array. The wave-guiding 
action occurs due to magnetic coupling between elements. This section describes the size and 
geometry of printed square spiral inductors and design specifications, including self-resistance, 
self-inductance, and capacitance.  
2.1.1 Geometry of Printed Spiral Coils 
 
To make use of MI waveguides for sensing application, it is desirable to adopt a high-Q 
component with strong magnetic coupling to achieve low propagation loss and a strong signal. 
As discussed in [28], capactively loaded loops is a candidate with a good form factor and a well 
understood design methodology. The solenoid coils are easy to make and the quality factor can 
reach 115 at 9.32 MHz by wrapping an enamel-coated 22AWG wire around a two-inch plastic 
cylinder for five turns, and minimum loss reaches 0.16 dB per tag when they are placed coaxially 
with a center-to-center distance of half an inch [28]. 
In this work, the single-layer square-shaped print spiral coil (PSC) with a lumped 
capacitor is adopted as the resonant element. That is because a printed PCB resonator is used to 
achieve a quality factor of 150 first and the design methodology is well established. The 
performance of coil can be optimized by adjusting its geometric parameters. Furthermore, the 
square-shaped PSC is comparatively easy to fabricate and is low-cost. It also holds the potential 
to be fabricated in conjunction with sensors or signal processing circuits in the same board. We 
limit our design to single-layer PSC, since internal parasitic capacitance of a multilayered 
structure is much larger and may limit the choice of resonant frequency of an individual element. 
Thus the single-layer printed spiral resonators are used to construct the MI waveguide.  
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The initial geometry of a single-layer square-shaped PSC is shown in Figure 2.1. The 
resonant element is designed to operate around 13.56MHz and have a quality factor greater than 
120. The resonant frequency is chosen at 13.56MHz, since one of the potential applications is in 
the RFID sensor system.  
 
Figure 2.1    Geometry of printed spiral coil: (a) Top view (b) Side view 
Figure 2.1 (a) and (b) are the top view and side views of a single-layer square-shaped 
PSC respectively. The dark grey portion indicates a copper trace with width w and thickness tc = 
43µm. The light grey trace on the right upper corner is a copper trace on the rear side connecting 
inner and outer turns. The copper spiral inductor is lithographically defined on the FR4 dielectric 
substrate with a measurement of 5.08 cm x 5.08 cm (2 inches x 2 inches) and a thickness of ts = 
1.6mm. The outer diameter do is chosen as 4.57 cm (1.8 inch). The inner diameter di depends on 
outer diameter do, a number of turns n and spacing between turns s. An externally lumped 
capacitor Cs with capacitance of 101 pF is soldered between two vias along one side of the PSC. 
s 
w 
di 
di 
w 
di 
w 
w 
di 
do 
Cs 
Copper 
Trace 
ts 
tc 
(a) 
(b) 
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All geometric parameters and corresponding symbols are listed in Table 2.1. The lumped-
element circuit model based on the geometry parameters is described in the following section. 
Table 2.1    Geometrical parameters and symbols of a single-layer PSC 
Parameter Symbol 
Number of turns n 
Coil outer diameter  do 
Coil inner diameter di 
Trace width w 
Spacing between trace s 
Trace thickness tc 
Substrate thickness ts 
Relative permittivity of trace µc 
Relative permittivity of the substrate (FR4) εrs 
 
2.1.2 Lumped-Element Circuit Model 
 
We model the single-layer PSC with external capacitor Cs as a series circuit shown in 
Figure 2.2. It is a resonant L-C tank circuit with lumped elements — parasitic resistance of PSC 
Rp, self-inductance of PSC Ls, and an external capacitance Cs.  
Figure 2.2    Lumped-element circuit model of PSCs 
 
Cs 
Rp 
Ls 
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The parasitic capacitance of PSC is not taken into consideration since the value is much 
smaller than the external capacitance. An empirical approach combing of theoretical, simulation 
and measurement results is used to find the parasitic capacitance of the PSC [50]. Figure 2.3 
shows the side view of two traces of PSC turns. The parallel plate parasitic capacitor forms 
between conductor side walls with air Cpc and FR4 substrate dielectrics Cps.  
 
Figure 2.3   Side view of a PSC conductive trace 
The total parasitic capacitor is the sum of Cpc and Cps [50], 
 ( ) gcrsrcpspcP ls
tCCC 0εβεαε +=+=  (2.1) 
where (α, β) = (0.9, 0.1),  εrc and εrc are the relative dielectric constants of air and FR-4 substrate 
with (εrc, εrs) = (1, 4.4),  tc is the conductor thickness, s is the gap between two traces and lg is the 
length of the spiral coil gap given in (2.2), 
 ( )( ) ( )1414 +⋅−−⋅−= nnsnnwdl og  (2.2) 
Given the outer diameter of 4.57 cm, the parasitic capacitance curve as a function of a 
number of turns is shown in Figure 2.4. The trace width and spacing are designed to be the same. 
The square spiral goes from the edge to the center. The capacitance increases as the number of 
turns increases. The minimum width and gap are chosen 0.25 mm. It can go up to 45 turns within 
the substrate area. The estimated maximum parasitic capacitance is around 8 pF, which is much 
less than the soldered external capacitance of 101pF that makes the current flow through the 
Substrate 
Cpc 
Cps 
Copper 
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external capacitor. Thus the parasitic capacitance is not considered in the circuit model of the 
PSC. 
 
Figure 2.4    Simulated self-capacitance vs. Number of turns 
To make the resonant frequency of 13.56 MHz, the geometry of single-layer PSC is 
designed to have self-inductance of 1.36 µH given external capacitance of 101 pF. Several 
approximation methods have been proposed to approximate self-inductance of a PSC [51]. We 
adopt simplified equation from [50] to evaluate the self-inductance of square-shaped spiral coils, 
 ⎥
⎦
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⎣
⎡
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= 2
2
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2
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ϕϕ
ϕ
µ avg
s
dn
L  (2.3) 
where µ0  is permeability of free space, n is the number of turns, davg  is the mean of coil outer 
diameter do and inner diameter di, φ is a parameter known as the fill factor expressed in (2.4). 
When all the turns are concentrated on the perimeter and the turns go all the way to the center of 
the coil, its value changes from 0 to 1. 
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The self-inductance variances with different number of turns and different set of trace 
width and spacing are shown in Figure 2.5. The outer diameter do is fixed at 4.57 cm. The black 
dash line corresponds to a self-inductance of 1.36 µH. When w and s are 0.25 mm, 0.51 mm, 
0.76 mm, 1.02 mm and 1.27 mm respectively, the number of turn should be 3, 3.25, 3.75, 4 and 
4.75. In addition to resonant frequency, quality factor is another parameter to be optimized, since 
high-Q resonators help to decrease propagation loss of MI waves. 
 
Figure 2.5    Simulated self-inductance vs. Number of turns 
For an ideal series RLC circuit, the quality factor can be estimated by ω0L/R. With 
known resonant frequency and self-inductance, the parasitic resistance Rp determines the value 
of the quality factor.  
The parasitic resistance Rp is dominated by dc resistance Rdc at low frequency, which 
depends on the total length of the conductive trace l, resistivity of the conductive material ρc, and 
its thickness tc as expressed as, 
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where the total length of a square-shaped PSC is given by, 
 ( ) ( )wsnnwndl o ++−−=
21244        (2.6) 
where n is the number of turns, w and s are the copper trace width and gap between turns 
respectively. When the frequency goes up, the skin effect should be taken into account, and then 
the parasitic resistance Rp becomes [50], 
 ( )δδ ct
c
dcp e
tRR
−−
=
1
 (2.7) 
where δ is the skin depth related to metal resistivity ρc and frequency f,  
 
fc
c
0µπµ
ρ
δ =  (2.8) 
With the same geometric parameters used to calculate self-inductance, the variation of 
parasitic resistances with a different number of turns are simulated and presented in Figure 2.6. 
Given the geometries with self-inductance of 1.36 µH, the corresponding parasitic resistances are 
2.1 Ω, 1.1 Ω, 0.79 Ω, 0.58 Ω and 0.48 Ω for w and s are 0.25 mm, 0.51 mm, 0.76 mm, 1.02 mm 
and 1.27 mm respectively. Thus we have quality factors 55, 104, 149, 196 and 242. The later 
three geometries are candidates that have a quality factor of more than 120, and the highest 
quality factor with a value of 242 is achieved by 4.75-turn coil with w and s equal to 1.27 mm.  
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Figure 2.6    Simulated parasitic resistance vs. Number of turns 
Since the MI wave-guiding action along an array of printed spiral resonators occurs due 
to magnetic coupling between elements, the coupling factor is also critical to low propagation 
loss. It is defined by formula κ = M/√(L1L2) , where M is mutual inductance between two 
inductors. It not only relates to PSC geometry but also the center-to-center distance between 
them. For coaxially spaced square-shaped PSCs shown in Figure 2.7, the partial inductance 
method is adopted to estimate the mutual inductance [52].  
 
Figure 2.7    Geometry of coaxially spaced PSCs 
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where d is the center-to-center distance between two coils. The n-turn single-layer PSCs are 
simplified as 4n filaments. According to partial inductance method [52], the total mutual 
inductance is the sum of all positive mutual inductances between parallel filaments and all 
negative mutual inductances between parallel filaments. When current flow in two conductors 
exhibits the same directions, the mutual inductance is positive, otherwise negative.  
Figure 2.8 is a simplified n-turn (n=5) square PSC, and all segments are assigned serial 
numbers from 1 to 20. Numbering increases from outside to inside. The odd-numbered segments 
are all perpendicular to even-numbered segments.   
 
Figure 2.8    Schematic diagram of five-turn square PSC 
If two single-layer PSCs are placed coaxially with a center-to-center distance of d, the 
currents in segment pairs—segment i in Coil 1 and segment j in Coil 2 (i = m+4(n1-1) & j = 
m+4(n2-1), m = 1,2,3,4, n1 = 1,2,…,5, n2 = 1,2,…,5) are in the same                                                                                                                                               
direction and mutual inductions are positive, while the current flow in segment i in Coil 1 (i = 
1+4(n-1) or 2+4(n-1), n=1,2,…5) is opposite in direction to the current flow in parallel segment j 
in Coil 2 (j = 3+4(n-1) or 4+4(n-1), n=1,2,…5), which results in negative mutual inductance. 
 With the partial inductance method [52], the total mutual inductance is equal to the sum 
of the positive mutual inductance (Mi,i±4n, i = 1,2,…,20 and n = 0,1,…4) and the negative mutual 
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inductance (Mi,i+2±4n, i = 1,2,…,20 and n = 0,1,…4), where Mi,j means the mutual inductance 
between segment i in Coil 1 and segment j in Coil 2. Mi,j between two parallel segments depends 
on their lengths and the geometric mean distance (GMD) between them. A pair of parallel 
segments with different lengths is shown in Figure 2.9.  
 
Figure 2.9    Geometry of two parallel filaments  
Consider two filaments geometry represented schematically in Figure 2.9, where two 
parallel filaments of length lj  and lm are separated by distance D. Filament j is longer than 
filament m, and the lengths satisfy lj = lp+ lm+ lq. The mutual inductance between them can be 
estimated by [52] 
 ( )qpqmpmmj MMMMM −−+= ++2
1
,  (2.9) 
where Mi (i=m+p, m+q, p or q) is the mutual inductance between two filaments with the same 
length (li=lm+lp, lm+lq, lp or lq), and can be calculated by  
 iii QlM 2=  (2.10) 
where Qi is a mutual inductance parameter expressed as 
 ( ) ( )( )( ) ( )( ) ( )221222122 11ln iiiii lGMDlGMDGMDlGMDlQ ++−++=  (2.11) 
where GMD is approximately equal to the distance D between the conductor centers. The total 
mutual inductances M between two uniform coaxial 5-turn PSCs are calculated by summing up 
lj 
lm lp lq 
D Conductor 
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positive mutual inductances and negative mutual inductances between parallel segments. Since 
each straight conductor is simplified as filament, the GMD between two parallel conductors is 
approximately equal to the center-to-center distance. The mutual inductance between each pair 
of parallel conductors is calculated by (2.10). The coupling factor is obtained by normalizing the 
total mutual inductance with Coil 1self-inductance L1 and Coil 2 self-inductance L2.  
Based on quality factor results above, the best three configurations are picked to calculate 
the coupling factor curve. The three configurations are 3.75-turn PSC with w and s of 0.76 mm, a 
4-turn PSC with w and s of 1.02 mm and 4.75-turn PSC with w and s of 1.27 mm. The 
relationship between coupling factor κ = M/√(L1L2) and distance d is presented in Figure 2.10.  
 
Figure 2.10    Simulated coupling factor vs. Axial spacing 
Figure 2.10 shows that the coupling factor curves for three candidates, all curves 
decreases sharply as the gap d becomes larger and the value is roughly proportional to the 
inverse of distance. The coupling is negligible when the gap goes above 8 cm. Since there is no 
big difference between the three curves, the optimal geometry is a 4.75-turn PSC with w and s of 
1.27 mm. The geometry details are listed in Table 2.2. 
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Table 2.2  Geometrical parameters of single-layer PSC 
Parameter Symbol Value 
Number of turns n 4.75 
Coil outer diameter (cm) do 4.57 
Coil inner diameter (cm) di 2.54 
Trace width (mm) w 1.27 
Spacing between trace (mm) s 1.27 
Trace thickness (µm) tc 43 
Substrate thickness (mm) ts 1.6 
Relative permittivity of trace µc 1 
Relative permittivity of the substrate (FR4) εrs 4.4 
 
2.1.3 Experimental Results 
 
To verify the designs above, the 4.75-turn printed square spiral coils are fabricated on 1.6 
mm thick FR-4 substrate. The design is shown in Figure 2.11. 
 
Figure 2.11    Geometry of PSC 
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The size of this single PCB board is 5.08 cm by 5.08 cm. The gray portion is the metal 
trace with a width w of 1.27 mm. The gap s between turns is 1.27 mm. To bridge inner terminal 
and outer turn, several pieces of copper trace with a total length of 3.56 cm are printed and the 
three gaps between them can be shorted by jumper wire or inserted with lumped external 
capacitor, characteristic impedance, or power source as needed. The capacitor is required to 
make a resonant element. The power source connects to the driver coil to excite the MI waves. 
When a specific element serves as the end termination of an MI waveguide, the characteristic 
impedance of the MI waveguide is inserted as the load to minimize end reflections. The gray 
rectangle with dashed outline is printed on the bottom side of the board to connect the terminals 
at inner and outer turns, as shown in Figure 2.11. At the right lower corner, the black dot is a 
hole designed for inserting plastic spacers with specific length to construct the MI waveguide.  
 
Figure 2.12    Input impedance of PSC 
Figure 2.12 shows the input impedance of PSC with an external capacitor of 101 pF by 
the HP 4194A Impedance/Gain-Phase Analyzer. The resonant frequency f0 and quality factor Q0 
can be obtained by the input impedance characteristics. The resonant frequency f0 is the point 
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corresponding to the minimum phase, and the quality factor is extracted by Lorentzian fit. Fifty 
resonant elements are measured. The results show that resonant frequency is in the range of 
13.6±0.1 MHz and the quality factor achieves 161±12. The quality factor value is smaller than 
the simulated value of 242. It may be due to extra resistance from the external capacitor. The 
experimental quality factor is still larger than the reported maximum quality factor of resonant 
elements, 123. The experimental lumped-element parameters are summarized in Table 2.3. 
Table 2.3  Experimental lumped-element parameters of single-layer PSC 
Parameter Symbol Value 
Self-inductance (µH) Ls 1.36 
Parasitic resistance (Ω) Rp 0.72 
External capacitance (pF) Cs 101 
Resonant frequency (MHz) f0 13.6±0.1 
Quality factor Q0 161±12 
 
The coupling factor between two identical elements with a defined axial separation is 
measured by the method described in [9]. A weak inductive coil is used to read the input 
impedance of the system. The symmetric and anti-symmetric modes of the two-element system 
are observed with two resonances. The corresponding frequencies are frequency f1= 
1/(2π√(C(L+M))) for a symmetric mode and f2= 1/(2π√(C(L-M))) for an anti-symmetric mode, 
where L, C, and M are self-inductance, capacitance of PSCs, and mutual inductance between 
them respectively. Then the coupling factor can be calculated by 
 ( ) ( )220
2
10 11 ffffLM −=−==κ  (2.12) 
where f0 is the resonant frequency of PSCs. 
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Figure 2.13    Measured input impedance of two coaxial PSCs 
Figure 2.13 is the measured input impedance of two coaxial PSCs separated by 2.7 cm,  f1 
and f2 are frequency points when two phase dips take place, and κ is obtained at about 0.1. Then 
the input impedances with different axial spacing are measured, and the corresponding coupling 
factors are summarized in Figure 2.14. The dots are experimental results, and the black curve 
represents simulated results with the use of a partial mutual inductance method. They match each 
other well.  
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Figure 2.14    Measured coupling factor vs. Axial spacing 
2.3 ONE-DIMENSIONAL MAGNETO-INDUCTIVE WAVEGUIDE 
A one-dimensional MI waveguide is constructed by a line of equally spaced inductively 
coupled resonators. In this section, we review the theoretical background of MI waves and 
investigate MI waves that can be supported by waveguides with PSCs designed in Section 2.2. 
2.3.1 Circuit Model 
 
Consider an inductively coupled resonator array in Figure 2.15, the square-shaped PSC 
coils are spaced uniformly by distance d, and the coil plane is perpendicular to the line 
connecting the centers of the loops.  
 
Figure 2.15    Schematic diagram of inductively coupled resonators  
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MI waves are excited by a voltage source at the first element. The current in the first loop 
induces a current in the adjacent coil by a magnetically linked flux, which induces further a 
current in the same principle. This results in MI waves propagating along the resonators.  
 
Figure 2.16    Lumped-element circuit model of inductively coupled resonators  
Since the dimensions of the waveguide are small relative to the free space wavelength, 
the MI waveguide can be modeled as a line of inductively coupled resonant lumped-element 
circuit, as shown in Figure 2.16, where R, L, and C are self-impedance, self-inductance, and 
capacitance of resonators, and Ms is the mutual inductance between ith element and (i+s)th 
element. The current in Coil n will induce a voltage jωMsIn in Coil n+s. With analysis in Section 
2.2, the self-impedance Zn (n=1,2,3…N) for PSC is,  
 ⎟
⎠
⎞
⎜
⎝
⎛ −+=
C
LjRZ n ω
ω
1  (2.13) 
where ω is the angular frequency,  R = Rs + Rp, L = Ls, and C = Cs + Cp. If we define In and Vn as 
current and voltage in nth resonator, Vn is zero elsewhere except at driver coil, then In and Vn 
satisfy Kirchhoff’s voltage law, 
 ∑
≠
−+=
mn
mnmnnn IMjIZV ω  (2.14) 
 (2.14)  can be also written in Matrix form V = ZI for an N-element terminated MI 
waveguide as follows: 
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 (2.15) 
where voltage V and current I are N × 1 vectors, and the impedance matrix Z is a N × N 
symmetrical matrix. The main diagonal elements of the impedance matrix are self-impedance of 
the nth (n=1,2…N) element. The off-diagonal expression jωMs is the mutual impedance induced 
by another inductor. From the matrix form, we can see that if parameters (R, L, C, V1, and Ms) of 
each passive wireless sensors are given, the current distribution for a given frequency along the 
array can be solved as product of the inverse impedance matrix and voltage.  
2.3.2 Dispersion Relationship 
 
The properties of guided MI waves are characterized by the dispersion relationship. The 
dispersion relationship of MI waves is calculated by considering the traveling wave solution In=I-
1exp(-(n-1)kd) for (2.14), where k is the complex propagation constant α+ jβ, and the dispersion 
relationship can be obtained after manipulation [2], 
 
∑
=
=+−
S
s
s skdQ
j
1
2
2
0 )cosh(21 κ
ω
ω  (2.16) 
where ω0=1/(2π√(LC)), Q=ωL/R, κs=Ms/L and S is the maximum value of s, which means the 
magnetic coupling from all elements within the distance of Sd will be considered. The theoretical 
dispersion characteristic contains three free parameters: the resonant frequency ω0, the quality 
factor Q, and the coupling constant. Of the three, the resonant frequency ω0 and the quality factor 
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Q relate to an individual element only. The coupling constant also depends on the relative 
position between the two elements. 
To present the characteristics of a dispersion relationship, we consider an MI waveguide 
consisting of an array of PSC designed in Section 2.2. The elements are coaxially spaced by a 
center-to-center distance d of 2.7 cm. The circuit parameters R, L, and C are 0.72Ω, 1.36µH, and 
101 pF respectively. The measured coupling factor between two coaxial coils within distance of 
3d are κ1=0.094, κ 2=0.028, and κ3=0.01. Then the dispersion relationship for the coaxial array 
with S=1 and S=3 are presented in Figure 2.17.  
.  
 
Figure 2.17    Dispersion relationship for MI waveguide with d=2.7 cm: (a) Phase constant (b) 
Attenuation constant 
The x-axis is normalized to the resonant angular frequency of element in Figure 2.17. The 
upper and lower plots are the phase constant and the attenuation constant, respectively. The 
phase constant shows that MI waves are dispersive waves. The attenuation constant curve 
demonstrates that MI waves can only propagate within a bandwidth around the resonant 
frequency. The structure supports the waves in range from ω/ω0=0.91 to ω/ω0=1.11, with a 
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bandwidth of 2.71 MHz by the black curve (S=1). And the minimum attenuation happens at ω/ω-
0=1.07 when αd/π=0.013. From the blue curve (S=3), the passband is found between ω/ω0=0.89 
and ω/ω0=1.09 with the same bandwidth. The lowest value of the attenuation occurs at 
ω/ω0=0.95, giving αd/π=0.0081. In the frequency range outside the passband, the evanescent 
waves will decay quickly.  
If the coupling factor with the farther neighbor is small enough, the nearest neighbor 
interaction would give a sufficiently accurate description and present the salient features. Let us 
explore the rough relationship between the propagation constant and the frequency by only 
taking the nearest interaction (S=1). If we replace k with attenuation constant α and phase 
constant β, then the equation in (2.16) with only the coupling factor κ1 can be simplified as 
 
ω0
2
ω 2
−1= 2κ1 cos βd( )
exp αd( )+ exp −αd( )
2  (2.17) 
 ( ) ( ) ( )
2
expexpsin2 1
dddj
Q
j αα
βκ
−−
=  (2.18) 
The product of attenuation coefficient α and distance d is very small within the passband, 
so exp(±αd) can be approximated as 1±αd. Then (2.18) and (2.19) are simplified as 
 ( )dβκ
ω
ω
cos21 12
2
0 =−  (2.19) 
 jQ = 2 jκ1 sin βd( )αd  (2.20) 
(2.19) shows that MI waves can only propagate over the frequency range 1/(1+2κ1-
)≤(ω/ω0)2 ≤ 1/(1-2κ1). The lower frequency edge corresponds to βd=0, while the high frequency 
edge is reached at βd=π. The higher coupling factor κ1 contributes to a wider passband. For a 
frequency less than lower edge (ω/ω0)2 = 1/(1+2κ1), the currents in all elements are in phase 
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because βd=0, while currents in neighboring elements are always in antiphase due to βd=π in the 
higher stopband.  
(2.20) shows that the attenuation coefficient αd gets a minimum value of 1/(2κ1Q0) with 
βd = π/2 at mid-band. Therefore, elements with a high quality factor and a strong coupling 
coefficient should be adopted to achieve low propagation loss and wider passband. For the same 
coaxial PSC array, stronger coupling can be achieved by reducing the distance between the 
elements. If the axial spacing is reduced to 1.4 cm, the dispersion relationship with the coupling 
factors κ1 = 0.24, κ 2 = 0.094, and κ3 = 0.045 is shown as,  
 
Figure 2.18    Dispersion relationship for MI waveguide with d=1.4 cm: (a) Phase constant (b) 
Attenuation constant 
 
The dispersion curves in Figure 2.18 are quite similar. There are frequencies for which 
propagation is possible (0.82≤ω/ω0≤1.39 with S=1; 0.75≤ω/ω0≤1.28 with S=3) and other 
frequencies outside this band for which propagation is stopped. The resulting frequency 
passband is around 7.19 MHz, which is much wider than a bandwidth of 2.71 MHz with d=2.7 
cm with. And this waveguide holds the minimum attenuation of αd/π=0.0045 at ω/ω0=1.05 
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(S=1), and αd/π=0.0029 at ω/ω0=0.9 (S=3). It is almost one-fourth the value of d=2.7 cm. 
Comparing the dispersion relationship for the two MI waveguides with different axial spacing, 
we can see that a smaller gap improves both propagation loss and passband width, so smaller 
values of attenuation are possible by reducing the distance between the resonant elements. 
2.3.3 Group Velocity 
 
MI waves are dispersive waves from the dispersion relationship. The wave shapes are 
distorted when propogated along a waveguide. We are interested about the group velocity that is 
the speed of the wave packet because the wave travel distance can be estimated by multiplying 
time of flight and group velocity. For a wave characterized by dispersion relationship (2.16), the 
group velocity vg can be derived by the derivative of angular frequency to wavenumber and 
expressed as 
 ( )skddjsv S
s sg
sinh
12
0
3
∑ == κω
ω
 (2.21) 
Substitute k with α+ jβ into (2.21), 
( ) ( ) ( )( ) ( ) ( ) ( )( )
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= ∑ =  (2.22) 
 If only the nearest interaction is taken in account, the frequency-dependent group 
velocity can be simplified as (2.23) with negligible attenuation within the passband as follows: 
 ( )ddvg βκω
ω sin12
0
3
=  (2.23) 
where sin(βd) is always greater than zero within the passband because of 0<βd<π. The direction 
of group velocity is decided by the sign of coupling factor κ1 and the value is proportional to the 
absolute value of the coupling factor. When the coupling factor is negative, the MI waves are 
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backward waves. The wave packet travels fast when the coupling is strong. For the two MI 
waveguides characterized by Figure 2.17 and Figure 2.18, the group velocity as a function of 
frequency is plotted as 
(a) 
 
(b) 
 
Figure 2.19    Group velocity vs. Normalized frequency: (a) d=2.7 cm (b) d=1.4 cm 
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Figure 2.19 presents the group velocity of MI waves supported by the coupled PSCs with 
d=2.7 cm and d=1.4 cm. During the passband, the wave envelope does not move at a single 
velocity, and stronger coupling due to a narrower gap makes high group velocity. It is observed 
in Figure 2.19(a) that the maximum group velocity for an MI waveguide with d=2.7 cm is 212 
km/s at ω/ω0=1.03 (S=1) and 270 km/s at ω/ω0=0.96 (S=3), respectively. Figure 2.19(b) shows 
the group velocity variation with d=1.4 cm. The maximum group velocity goes up to 346 km/s at 
ω/ω0=1.2 (S=1) and 372 km/s at ω/ω0=0.96 (S=3).  
2.3.4 Characteristic Impedance and Insertion Loss 
 
According to the transmission line theory, reflections will be introduced unless the 
transmission line is terminated by its characteristic impedance Zt. For an N-element resonator 
array, the current and voltage in the last element obey the following relation with (2.14): 
 ( ) ( ) ( )1 1 1 2 2 2 ... 0N N N N N N S N S N SZ I j M I I j M I I j M I Iω ω ω− + − + − ++ + + + + + + =  (2.24) 
However, the current IN+s (s=1,2,…S) does not exist, so the traveling wave In=I0exp(-nkd) 
is not the solution for (2.23). The current assumed in the form of a traveling wave may still be 
satisfied if we include characteristic impedance Zt in the last element, then we have 
 ( ) 1 1 2 2 ... 0N t N N N S N SZ Z I j M I j M I j M Iω ω ω− − −+ + + + + =  (2.25) 
where the characteristic impedance Zt equals 
 ( ) ( ) ( )1 2exp exp 2 ... expt SZ j M kd j M kd j M Skdω ω ω= − + − + + −  (2.26) 
where the characteristic impedance Zt is a function of angular frequency, mutual inductance, and 
propagation constant k. Specific value of terminal impedance will only match the transmission 
line at one frequency while still introduce reflections at other frequencies. If we only take the 
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nearest interaction into consideration, Zt equals one item jωM1exp(-kd). We can plot the matched 
impedance variance with frequency as 
(a) 
 
(b) 
 
Figure 2.20    Characteristics impedance vs. Frequency: (a) d=2.7 cm (b) d=1.4 cm 
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 Figure 2.20 shows the real and imaginary parts of charateristic impedance Zt of an MI 
waveguide with d=2.7 cm and d=1.4 cm, respectively. At resonant frequency, the propagation 
coefficient βd equals π/2, and Zt is purely resistive ω0M1. The value is 10.9 Ω and 27.8 Ω for an 
MI waveguide with d=2.7 cm and d=1.4 cm, respectively. Since the resistive impedance is most 
feasible and is the matched impedance at resonant frequency, we use it as the load at the last 
element to minimize end reflections. 
Insertion loss is another measure of attenuation during the passband and defined as the 
loss of signal power resulting from the insertion of device. If the transmitted power is Pi and the 
power received by the load is Po, the insertion loss in dB is defined by 
 ⎟⎟
⎠
⎞
⎜⎜
⎝
⎛
=
i
o
P
P
10log10Loss  (2.27) 
If the MI waveguide is driven by voltage V1 in the first coil, then power is transmitted 
along the N-element waveguide through the magnetic coupling between elements. The input 
power at the first element and output power delivered to the matched load Zt can be expressed as  
 ( )*11Re21 VIPi =  (2.28) 
 ( )tN ZIP Re21
2
0 =  (2.29) 
Substitute input and output power expression (2.28) and (2.29) into (2.27), we obtain the 
insertion loss as 
 
( )
( ) ⎟
⎟
⎠
⎞
⎜
⎜
⎝
⎛
= ∗
11
2
10 Re
Re
log10Loss
VI
ZI tN  (2.30) 
            Consider a N-element MI waveguide terminated with its characteristic impedance Zt and 
supporting a traveling wave In=I1 exp(-(n-1)kd), it yields the following expression with IN=I1 
exp(-(N-1)kd) and V1=I1 (Z0+Zt): 
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 (2.31) 
where C equals 10log10(Re(Zt))-10log10(Re(Z0+Zt)) that depends only on Z0 and Zt. After the 
single resonator is designed and matched impedance is selected, the insertion loss in dB rises 
linearly with the number of resonators N by (2.30), and loss per element in dB is -8.69αd. If we 
extract the value αd from dispersion relationship curves (S=3) in Figure 2.17 and Figure 2.18, 
then the minimum loss per tag for waveguide with d = 2.7 cm and d = 1.4 cm are 0.27 dB and 
0.096 dB, respectively. 
Given the parameters (R, L, and C) of a coaxial N-element MI waveguide listed in Table 
2.3, the dominant mutual inductance M1 is 0.13µH and 0.33µH for one-dimensional MI 
waveguides with d = 2.7 cm and 1.4 cm. Then the insertion loss curves are plotted as 
(a) 
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(b) 
 
Figure 2.21    Insertion loss vs. Frequency: (a) d=2.7 cm (b) d=1.4 cm 
 Figure 2.21 (a) presents the frequency characteristics of a coaxial resonator array with 
d=2.7 cm, the number of elements is chosen 10, 20, and 30, respectively. The corresponding 
matched impedance is 10.9 Ω. The frequency characteristics show passive wireless sensor array 
as the MI waveguide act as a bandpass filter. MI waves can travel along the waveguide over the 
normalized frequency range (0.91<ω/ω0<1.11) that agrees with the bandwidth by dispersion 
relationship. As the passive wireless sensor array contains more elements, the minimum insertion 
losses increase linearly at each frequency point, while the passband width remains the same.  
The same simulation is repeated with d = 1.4 cm and Zt =27.8 Ω. The results are shown in 
Figure 2.21(b). Since the coils with narrower gap have stronger magnetic coupling, the insertion 
loss over the passband are less and the bandwidth is wider. MI waves can propagate along the MI 
waveguide within the normalized frequency range (0.82≤ω/ω0≤1.39). 
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2.3.5 Tolerance 
 
If the aim is to produce a traveling wave of the form In=I0exp(-nkd), it can only be done if 
the power traveling in the wave is dissipated without any reflections. An MI waveguide that 
consists of a periodic array of resonators needs to be terminated with its characteristic 
impedance. But what will happen if there are manufacturing tolerances? Transmission will 
clearly be affected since the circuit parameters would vary around its nominal value. 
Manufacturing tolerance is the extent to which the actual capacitance changes from its 
nominal value and can be expressed as a plus-or-minus value (±) or as a percentage (±%). Here 
we use percentage δ to indicate the tolerance, where δ is positive. Then an L±δL tolerance 
inductor may have a maximum value of L(1+δL) and a minimum value of L(1-δL), where L is the 
nominal inductance value and δL is the inductance tolerance percentage. We assume the 
inductance is subject to the truncated normal distribution with mean µ and standard deviation σ. 
The mean µ and standard deviation σ for L±δL tolerance inductors are considered as L and LδL/3 
respectively. The inductance value always lies within the range from L(1-δL) to L(1+δL).  
The power transmission characteristics are investigated over a range of frequencies when 
inductor, capacitor, and resistor are subject to this statistics model respectively. The value will be 
normalized with the output power when each tolerance is zero. 
Consider a 20-element MI waveguide using resonant PSCs in Section 2.2: it is driven by 
a voltage V1 applied to the first element and terminated with the simplified waveguide 
characteristic impedance Zt= ω0M1 at resonant frequency. With the same set of circuit parameters 
as shown in Table 2.3, the capacitance and resistance are fixed at 101 pF and 0.72 Ω. The 
nominal inductance value is L=1.36 µH. The inductance value in each resonator is generated 
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following the truncated normal distribution N (L, (LδL/3)2) and all numbers are guaranteed 
positive.  
 
Figure 2.22    Normalized transmitted power vs. Inductor tolerance for MI waveguide with 
different axial spacing 
At resonant frequency (ka = π/2), the normalized output power in linear scale with 
increasing δL are shown in Figure 2.22. The power reaching the load is calculated with the three 
nearest neighbor interactions (S=3) and normalized to the transmitted power when resonator 
circuit parameters in each element are identical. For every tolerance point, the normalized power 
is the average of 1,000 calculations. The black curve and blue curve are for MI waveguides with 
axial spacing of 1.4 cm and 2.7 cm, respectively. It shows that an MI waveguide with narrower 
gap has more manufacturing tolerance and the decline is more moderate. For δL = 5%, the 
normalized power reaching the load is still 99.5% in contrast to 91.5% with gap doubled.  
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Figure 2.23    Normalized transmitted power vs. Capacitor tolerance for MI waveguide with 
different axial spacing 
The same scenario is observed when capacitances along the line vary in the same manner. 
The capacitance for each element is generated by the truncated normal distribution with a mean 
of 101 pF and a standard deviation 33.67δC pF. The tolerance percentage δC goes from 0 to 1. 
The results are presented in Figure 2.23. When δC equals 5%, the transmitted power drops to 
99.4% with d=1.4 cm and 91.5% with d=2.7 cm of the value when capacitance are unchanged. 
We repeat the same calculation with resistor manufacturing tolerance. It shows that the 
transmitted power is almost unaffected by resistance variance when δR≤1. This is because 
resistance is small compared to the magnitude of self-impedance. 
The delivered power to load by one-dimensional MI waveguides is also compared with 
different lengths. Figure 2.24 shows the results with inductance tolerance variances for both 20-
element and 40-element MI waveguide constructed by the same resonators with d=1.4 cm. The 
normalized transmitted power decreases from 99.4% to 98.6% when 40 coupled elements work 
along the line. The calculated results with capacitances subject to the truncated normal 
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distribution also show the similar phenomenon, and the transmitted power percentage goes down 
99.5% from 98.6%. The shorter MI waveguide is more robust to the circuit parameter variances.  
In the actual design, the effect of tolerances cannot be overlooked. We need to adopt 
circuit components with the least amount of tolerance as possible. Then the individual elements 
should be placed with narrower gap between them to maximize power delivered to the load.  
 
Figure 2.24    Normalized transmitted power vs. Inductor tolerance for MI waveguide with 
different number of elements (d=1.4 cm) 
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Figure 2.25    Normalized transmitted power vs. Capacitor tolerance for MI waveguide with 
different number of elements (d=1.4 cm) 
2.4  SUMMARY 
The chapter described the development of the low-loss magneto-inductive waveguide 
constructed by a line of inductively coupled PSCs. First, high-Q PSCs were designed to work at 
13.56 MHz; then one-dimensional MI waveguides constructed by the PSC array were studied; 
the dispersion relationship showed passband behaviors, and the group velocity of the supported 
MI waves showed they were set of slow waves; high-Q factor and strong magnetic coupling 
would contribute to a lower attenuation constant and a wider passband frequency range. Finally, 
the statistics about the effect of geometry on MI waves were discussed. The circuit components 
with high tolerance decreased power delivered along the waveguide. 
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Chapter 3  Low-Loss Magneto-Inductive Waveguide for Sensing Applications 
3.1 INTRODUCTION 
MI waveguide performs as a passband filter within a band of frequencies. The dispersion 
relationship has been studied in the previous chapter. Many applications have been proposed, 
including delay lines, phase shifters, couplers and splitters, concentrators, near-field lenses, 
detectors for magnetic resonance imaging, safe interconnects of internal MRI, data transfer 
channels, and underground wireless networks. 
This chapter focuses attention on the sensing application of the MI waveguide. The self-
impedance or mutual impedance discontinuity is introduced along the line of inductively coupled 
resonators when a specific transducer incorporates with resonant elements. The discontinuities 
are referred to as defects in this chapter. The investigation begins by studying the transmission 
and reflection coefficients for the MI waveguide with one defect. MI waves in the time domain is 
simulated with a circuit model implemented in PSpice. Then we will illustrate how distributed 
defects in the resonator array affect wave propagations. The corresponding sensing mechanism is 
developed by processing the reflected MI waves.  
3.2 LOW-LOSS MI WAVEGUIDE WITH ONE DEFECT 
When designing the passive wireless corrosion sensor [36–38], we connected an exposed 
wire in the resonant sensor circuit as resistive transducer to detect rebar corrosion. The principle 
involved in the transducer is that the sensor, embedded in the same corrosive environment as the 
reinforcing steel, and exposed wire resistance would increase as the wire corroded. Since the 
corrosion process begins in the wire and the cross-sectional areas are reduced, the resistance of 
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the sensor circuit increases and causes a reduction in the phase dip depth at sensor resonant 
frequency. This kind of sensor is embedded in concrete and interrogated by an external reader to 
determine if a corrosion threshold has been reached. 
This resistive transducers can also be incorporated with the resonant element used to 
construct the MI waveguide. When corrosion happens, the resonant element self-impedance 
could be changed due to the transducer. In this section, we discuss the feasibility of monitoring 
the change by analyzing MI waves instead of reading input impedance. One obvious advantage 
is the read range would be larger using the waveguide instead of the single sensor. 
3.2.1  Circuit Model 
 
The impedance discontinuity in a MI waveguide could be caused by variances of circuit 
parameters, for example, self-impedance or mutual impedance variance.  
In the self-impedance case, one element is assumed to have a self-impedance change ΔZ, 
which could be introduced by an attached transducer, as shown in Figure 3.1.  
 
 
Figure 3.1    Circuit model of MI waveguide with self-impedance defect 
where ΔZ could be resistive, inductive, or capacitive. An element along an MI waveguide 
attaching the resistive transducer will have extra resistance due to the onset of corrosion.  The 
coupling between the defective element and other elements are supposed to be unchanged. For 
the N-element terminated resonator array with nth defect, the matrix form of Kirchhoff Circuit 
Laws becomes 
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 (3.1) 
where  R+jωL+1/(jωC)+ΔZ, impedance Z is a N × N matrix with a different self-impedance 
at the nth element. Then the pure traveling waves no longer suffice as the solution, and reflected 
waves take place due to the discontinuity. Details are provided in next section. 
A mutual inductance variation is introduced by increasing or decreasing the separation 
between two adjacent elements, as shown in Figure 3.2, where M’ is the mutual inductance at the 
point of discontinuity. The mutual inductance could happen when the relative position between 
two elements changes or some elements are decoupled with the waveguide. For example, if the 
attached exposed wire of an element along an MI waveguide is broken by corrosion, leaving the 
resonant circuit open, then the element is decoupled from its neighbors. The energy is 
transmitted from its left-side neighbor to its right-side neighbor directly through a different 
mutual coupling.  
 
Figure 3.2    Circuit model of MI waveguide with mutual impedance defect 
We have the current and voltage relation as follows with the lumped-element circuit 
model shown in Figure 3.2. 
='nZ
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 (3.2) 
where the impedance matrix Z is an N × N matrix, and the corresponding current and voltage for 
elements are both N × 1 vectors. The off-diagonal mutual impedance between n-1th and nth are 
jωM’. Similarly, the current distribution can be solved by multiplying the inverse of the 
impedance matrix by the voltage vector. 
3.2.2  Transmission and Reflection 
 
Figure 3.3 shows that the MI waveguide with element 0 has a transducer for defect 
detection. This transducer could introduce resistive, inductive, or capacitive impedance change 
ΔZ to the resonant circuit. Then self-impedance of the element becomes R+jωL+1/(jωC)+ΔZ, 
where R, L, and C are the nominal resistance, self-inductance, and capacitance of resonant 
circuit, respectively.  
 
Figure 3.3    Simplified circuit model of MI waveguide with self-impedance defect 
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In Figure 3.3, only coupling with the nearest neighbor is considered. If ΔZ≠0, the 
backward waves will be generated along the waveguide due to the impedance discontinuity, as 
shown in Figure 3.3, where Ii, Ir, and It  indicate the incident, reflected, and transmitted currents. 
The incident current Ii is in the traveling wave form In=I exp(-nkd). Then the current in nth 
resonator In can be described with the reflection coefficient Γ and transmission coefficient T as                                                                                                                                                                                                                                                                                                                              
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The current in the elements before the discontinuity is a combination of incident and 
reflected current. After the junction, the current is the traveling wave with an amplitude of TI. 
We assume element 0 has the same coupling with its neighbors as do the other elements. The 
currents and voltages at the junction satisfy the following relation with only the nearest 
interaction: 
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where self-impedance Z’=R+jωL+1/(jωC)+ΔZ, and mutual impedance X1=jωM1. Substituting 
(3.3) into (3.4), the following is obtained: 
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With the two equations above, the reflection coefficient Γ and transmission coefficient T 
are solved as 
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Substituting Z=-jωM1(exp(kd)+exp(-kd)) into (3.6) and (3.7), then simplifying the expression  
yields the following: 
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The above equation shows that if Z≠Z’, reflections take place. In addition to self-
impedance mismatch, MI wave reflections also relate to the product of wavenumber k and 
spacing d.  Consider an MI waveguide formed by coaxially placed PSC with circuit parameters 
are R=0.8 Ω, L=1.36 µH, C=101 pF, and M1=0.33 µH. We take only the magnetic coupling from 
the nearest neighbor into consideration: 
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(a) 
 
(b) 
 
Figure 3.4    Power coefficient vs. Frequency with resistive transducer: (a) Transmission (b) 
Reflection 
Figure 3.4 shows that the power reflection coefficient |Γ|2 and transmission coefficient 
|T|2, with resistive ΔZ as a function of frequency. The value of ΔZ is increased to simulate the 
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process of corrosion. The extra resistance ΔR is chosen as 4Ω, 8Ω, and 12Ω, respectively. With 
the analysis in Chapter 2, the traveling waves within the frequency band 0.82≤(ω/ω0)≤1.39 can 
be supported by this inductively coupled PSC array. Figure 3.4 shows that a higher impedance 
mismatch will introduce stronger reflection within the passband. In each case, |Γ|2 gets a 
minimum value around the resonant frequency that corresponds to the optimum attenuation loss 
obtained by the dispersion relationship, and increases sharply toward the band edge. Near the 
resonant frequency, we neglect the propagation loss and may obtain 
 
102 MRR
RΓ
ω++Δ
Δ
≈  (3.10) 
 
10
1
2
2
MRR
MRT
ω
ω
++Δ
+
≈  (3.11) 
 
(3.10) and (3.11) suggest |Γ|2+|T|2 ≤ 1 due to the loss, and reflection happens when ΔR≠0. 
Figure 3.5 presents |Γ|2 and |T|2 as a function of ΔR. The reflected power increases gradually as 
the mismatch impedance ΔR increases. 
 
 
Figure 3.5    Power coefficient vs. ΔR/R 
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(a) 
 
 
(b) 
 
Figure 3.6    Power coefficient vs. Frequency with inductive transducer: (a) Transmission (b) 
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Figure 3.6 shows the variation of |Γ|2 and |T|2 with ω/ω0 when Z’ = R + jω(L+ΔL) + 
1/(jωC). The mismatch impedance ΔZ equals to jωΔL. The impedance of other resonators in the 
line and the coupling between elements are unaltered. The transmission is high near the center of 
band and decrease gradually toward the band edge. At the mid-band, the transmitted power 
decrease by half when ΔL= 0.5L.  If the relative inductive mismatch increased from zero, the 
transmitted and reflected power curves are shown in Figure 3.7. It shows the same trend. The 
reflected power gradually increases from zero as ΔL/L increases. 
 
 
Figure 3.7    Power coefficient vs. ΔL/L 
The transmitted and reflected power coefficients are estimated over the passband if we 
assume the capacitance is tunable. The self-impedance becomes Z’=R+jωL+1/(jω(C+ΔC)). The 
curves with ΔC/C=0.5, ΔC/C=1 and ΔC/C=1.5 are shown in Figure 3.8.  
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(a) 
 
(b) 
 
Figure 3.8    Power coefficient vs. Frequency with capacitive transducer: (a) Transmission  (b) 
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Figure 3.8 also shows greater mismatch with the stronger reflection. The power 
coefficients |Γ|2 and |T|2 as a function of capacitance are shown in Figure 3.9. When ΔC/C=-1, no 
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resonance in the circuit exists, and the power are all reflected. The transmitted power increases 
monotonically when total capacitance increase from 0 to the nominal capacitance, then decrease 
gradually as total capacitance increases. Both ΔC/C=-0.325 and ΔC/C=0.925 reflect half of the 
power. 
 
Figure 3.9    Power coefficient vs. ΔC/C 
The MI waveguide with mutual impedance discontinuity can be analyzed with the same 
method. If nearest interaction is taken only, the circuit model is simplified as 
 
Figure 3.10    Simplified circuit model of 1-D magneto-inductive waveguide with one defect  
The -1th element is coupled to its nearest neighbor at the right-side element 0 through 
mutual inductance M‘ instead of M1. Ii, Ir, and It  indicate the incident, reflected, and transmitted 
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wave caused by mutual inductance discontinuity between element -1 and element 0. The current 
in the nth resonant circuit could be described as 
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If only magnetic coupling with its nearest neighbor is considered, the relationship 
between the currents and voltages at the discontinuity is given as 
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(3. 13) 
where X1 and X2 are mutual impedance X1=jωM1 and X2=jωM’. Then substitute (3.12) into (3.13), 
and the equation set above yields the following: 
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The reflection coefficient Γ and transmission coefficient T are solved as 
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(3.15) and (3.16) can be simplified as the following expression with µ = M’/M1 
 
( )
)2exp(1
1
2
2
kd
Γ
−−
−
=
µ
µ
 (3.17) 
 
( )
)2exp(1
)2exp(1
2 kd
kdT
−−
−−
=
µ
µ
 (3.18) 
where µ represents mutual inductance difference. (3.17) shows the strength of reflection 
dependent on µ and value of kd.  All energy will be transmitted when M1equals to M’.  
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(a) 
 
(b) 
 
Figure 3.11    Power coefficients vs. Frequency: (a) μ=0.39 (b) μ=0.3     
Using the same MI waveguide, if the nth sensor is open in the coaxial array, the (n-1)th 
element will be coupled to the (n+1)th element directly through M2, which results in µ=0.39 with 
d=1.4 cm and µ=0.3 with d=2.7 cm. We compare the reflections and transmission coefficients 
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curves with two values of µ, as shown in Figure 3.11. All curves show that minimum reflection 
occurs around the resonant frequency, and strong reflections take place towards band edge. The 
power transmission coefficient is 0.3 with µ=0.3 at mid-band that is 0.45 with µ=0.39, since they 
have greater impedance discontinuity.  
 
 
Figure 3.12    Power coefficient vs. µ 
The variances of power coefficients |Γ|2 and |T|2 are also plotted as μ increases. When 
μ=0, there is no coupling between two neighboring elements and no power will be delivered. All 
power will be transmitted with no mutual inductance difference at the junction. The maximum μ 
depends on the value of maximum M’ and M1. For MI waveguide with d=1.4 cm, the maximum 
μ is 4.2. 
3.2.3  Sensing Mechanism 
 
MI waveguides with different arrangement of coupled resonators have been designed for 
different applications. We would like to explore the sensing application of an MI waveguide to 
locate the defect along the line. 
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Consider a 20-element MI waveguide built with an array of resonant PSCs, the 
magnetically coupled circuit is implemented in PSpice with R=0.8 Ω, L=1.36 µH, C=101 pF, and 
κ1=0.24. A Vpulse source is connected in a series with the first resonant circuit to generate a 
square voltage source with period of 20µs and a peak-to-peak value of 10V. The last element is 
terminated with a resistance of 27.8Ω in series. The current probes are placed in resonant circuits 
along the array and record the transient current. 
Figure 3.13 shows induced currents in Coil 1, Coil 10, and Coil 20 for the 20-element 
terminated MI waveguide. With group velocity of 346 km/s, the estimated arrival time at Coil 10 
and Coil 20 for the wave travels fastest around 0.33µs and 0.7µs. The value is consistent with the 
result by PSpice simulation, as shown in Figure 3.13. Since MI waves are dispersive, the wave 
shape gets distorted when propagating, and signal amplitude decreases because of propagation 
loss. Time-frequency analysis of MI waves will be provided later to increase the precision of 
locating coil. 
 
Figure 3.13    Current at different coils: (a) Coil 1 (b) Coil 10 (c) Coil 20 
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Figure 3.14    Current at diver coil: (a) Without matched load (b) With matched load 
Figure 3.14 shows how the 27.8 Ω resistance helps to minimize end reflections. The input 
rectangular signal initiates the current at first coil at time 0. Figure 3.14(a) presents obvious end 
reflections that occur due to unmatched termination at the last element, while the most of end 
reflections are removed with the 27.8 Ω terminator, as shown in Figure 3.14(b). The reflections 
cannot be completely removed because the resistor is the characteristic impedance at resonant 
frequency and mismatch still exists over the band, thus weak end reflections are still observed in 
Figure 3.14(b).  
With the group velocity study in Section 2.3.3, the frequency component at ω/ω0=1.2 
propagate with a maximum group velocity of 346 km/s with coupling only from its nearest 
neighbor. The travel distance is 0.48 m for a round-trip along the 20-element MI waveguide. The 
estimated arrival time is around 1.4µs by travel distance over group velocity, which matches 
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what we see in Figure 3.14. This is a rough method to determine the location of reflection—by 
investigating the relationship between distance and time given the group velocity.  
 
Figure 3.15    Current at driver coil with different locations of defect (ΔR=50R): (a) Coil 5 (b) 
Coil 10 (c) Coil 15 
If one defect is shown in the one-dimensional MI waveguide, it is a “mirror” introduced 
in the transmission line and reflections take place. Current probe at Coil 1 record both the 
incident signal and reflected signal. Figure 3.15 shows the current in Coil 1 with different 
locations for impedance discontinuities. The discontinuity is introduced by adding resistance 
ΔR=50R at Coil 5, Coil 10, and Coil 15, respectively. The reflected power coefficients are 0.34 
by Figure 3.5. The arrival of reflected waves due to Coil 10 and Coil 15 are observed clearly at 
0.66µs and 1.03µs, as shown in Figure 3.15(b) and (c). But the reflected signal by impedance 
discontinuity at Coil 5 overlaps with the excitation current, making it difficult to determine the 
arrival time. Thus, our solution is to subtract the baseline signal (Figure 3.14(a)) from the 
combined signal. The pure reflected signal is obtained as show in Figure 3.16. 
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Figure 3.16    Reflected current at driver coil with different location of defect (ΔR=50R):  (a) 
Coil 5 (b) Coil 10 (c) Coil 15 
Figure 3.16 gives a clear view of reflected waves. The arrival times are 0.3µs, 0.66µs, 
and 0.98µs, respectively. We also apply two other kinds of impedance as discussed in Section 
3.2.2. The inductive case is to increase the self-inductance to 1.5 times the nominal value at Coil 
5, Coil 10, and Coil 15, respectively. Then, the same PSpice simulations are run, and the results 
are shown in Figure 3.17.  
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Figure 3.17    Reflected current at driver coil with different location of defect (ΔL=0.5L): (a) Coil 
5 (b) Coil 10 (c) Coil 15 
Half of the power is reflected back based on our analysis in the previous section, and the 
wave packet amplitude in Figure 3.17 is larger than the waves shown in Figure 3.16 with 
ΔR=50R. The impedance discontinuity also is implemented in the form of capacitance change. 
Figure 3.18 is the pure reflected current signal with modified capacitance of 1.5C at Coil 5, Coil 
10, and Coil 15, respectively. The corresponding power reflection coefficient is 0.39, showing 
that the signal strength is larger than the result in Figure 3.16 but smaller than that in Figure 3.17. 
Compare the nine figures in Figure 3.16–3.18. The arrival times of wave packet are only related 
to the position of discontinuity but not the type of discontinuity. The severity can be estimated by 
the signal strength of reflected waves. 
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Figure 3.18    Reflected current at driver coil with different location of defect (ΔC=0.5C): (a) 
Coil 5 (b) Coil 10 (c) Coil 15 
In reality, to implement our sensing mechanism, MI waves must be recorded. It is hard to 
measure MI waves in the medium where the resonators are placed. Our solution is to observe the 
time-varying current in the resonator circuit. In the time domain, the current in an element will 
generate further current in its neighboring element.  MI waves are incited by a step signal at the 
first coil, since the step signal contains a wide range of frequencies, while only the band around 
the resonant frequency can be supported. When an impedance mismatch takes place in the MI 
waveguide, the reflected current can be monitored by a current probe at the driver coil. 
3.3 LOW-LOSS MI WAVEGUIDE WITH DISTRIBUTED DEFECTS 
3.3.1 Circuit Model 
 
One-dimensional MI waveguides with one defect have been investigated in the previous 
section. If each resonator combines with a transducer that reacts the same way, the MI 
waveguide is essentially still uniform but exhibits different resonator circuit parameters. Since it 
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is uniform along the line, so no reflections are expected. For example, if the resistive transducers 
along the MI waveguide were to corrode to the same extent, the extra resistance introduced for 
each element would be consistent. Then the self-impedance of each element changes, the 
dispersion relationship and characteristic impedance for the updated MI waveguide is modified. 
With different kinds of transducers, the lumped-element circuit model in general becomes 
 
Figure 3.19    Circuit model of MI waveguide with distributed self-impedance defects 
In Figure 3.19, self-impedance  for each element is R+jωL+1/(jωC)+ΔZ and mutual 
inductance Mi (i=1,2,…) is unaffected. ΔZ indicates the impedance change by the attached 
transducer. If ΔZ is resistive, only the quality factor changes; if ΔZ is inductive or capacitive, 
both resonant frequency and quality factor change. The supported MI waves are subject to a new 
dispersion relationship. The current distribution along an N-element terminated array can also be 
solved by the following equation with self-impedance  with the circuit model in Figure 3.19. 
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Another case tests the bending, compression, or uniformed stretching of the MI 
waveguide, in which case the individual element is unaltered while mutual coupling between 
elements changes based on the new gap between elements along the array. This type of guide can 
be modeled by  
 
Figure 3.20    Circuit model of MI waveguide with distributed mutual impedance defects 
The propagating MI waves characteristics is also modified due to the updated mutual 
inductance between elements, although the quality factor and resonant frequency remain 
constant. The lumped-element circuit model can be described in (3.20), and bends, compression, 
or stretches are simulated by a variation of mutual inductances: 
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3.3.2 Transmission and Reflection 
 
Consider an N-element MI waveguide consists of a linear array of resonators with self-
impedance =R+jωL+1/(jωC)+ΔZ. The last element is terminated with impedance Zt, as shown 
in Figure 3.21. 
 
'
nZ
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Figure 3.21    Simplified circuit model of MI waveguide with distributed self-impedance defects 
In Figure 3.21, Zt is the matched impedance ω0M1 with ω0 = 1/(2π√(LC)). Extra end 
reflections are introduced by the mismatch at the last element since the characteristic impedance 
of the modified MI waveguide can be changed due to ΔZ. The end reflection coefficient with 
load Zt is 
 τ = Zt − Zt
'
Zt + Zt'
 (3.21) 
where  is the characteristic impedance jωM1exp(-k’d) for an MI waveguide with self-
impedance , and k’ is the propagation constant of MI waves solve by the dispersion 
relationship with updated resonant frequency and quality factor. When ΔZ is not zero, the 
characteristic impedance at mid-band changes due to the new propagation constant. Figure 3.22 
shows the end reflections with difference resonator circuit parameter: 
'
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Figure 3.22    Power reflection coefficients vs. Frequency for MI waveguide with distributed 
self-impedance defects 
The x-axis is normalized to the angular resonant frequency with f0=13.56 MHz. The 
applied circuit parameters are R=0.8 Ω, L=1.36µH, C=101 pF, and M1=0.33µH with gap d=1.4 
cm. The black curve is the end reflection coefficient without any self-impedance change. The 
extra resistance of 5R does not increase the end reflections over the passband. When the 
inductance of all elements increases by 0.5L, the propagating signal above frequency ω/ω0=1.14 
is nearly reflected. If the capacitances are tuned at 1.5C, the power reflection coefficient curve is 
similar to the curve with ΔL=0.5L for the same reason. 
The characteristic impedance is also affected by mutual inductance M1. With an N-
element MI waveguide, if the axial spacing changes due to an external force, the mutual 
inductance could increase or decrease from the nominal value, as shown in Figure 3.23 with the 
same individual lumped-element circuit components. 
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Figure 3.23    Simplified circuit model of MI waveguide with distributed mutual impedance 
defects 
 
Figure 3.24    Power reflection coefficients vs. Frequency for MI waveguide with distributed 
mutual impedance defects 
Figure 3.24 shows the variation of power reflection coefficients |Γ|2 with different mutual 
inductance. The transmission is high in the mid-band for all three curves. The reflections are 
stronger with smaller mutual inductance at a frequency further away from mid-band due to the 
impedance mismatch. This also reflects the passband width that an MI waveguide with different 
mutual inductance can support. With the analysis in Section 2.3, the passband width of the MI 
waveguide is proportional to the coupling factor, and the MI waveguide with M’=1.2M can 
support band 0.8≤ω/ω0≤1.54. It agrees with the band shown in Figure 3.24. 
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3.3.3 Sensing Mechanism 
 
MI waveguides with distributed defects described in previous section do not introduce 
impedance discontinuity along the line. The change of frequency-dependent characteristic 
impedance introduces end reflections. As an illustration, we chose the same axial MI waveguide 
described in Section 3.2.3 with parameters N=20, R=0.8 Ω, L=1.36µH, C=101 pF, and κ1=0.24. 
The first element is driven by a square voltage V, while the last element being terminated with 
resistance of 27.8Ω.  
 
Figure 3.25    Current at driver coil: (a) ΔR=5R (b) ΔL=0.5L (c) ΔC=0.5C 
 We show the current in the diver coil for the MI waveguide with different self-impedance 
changes in Figure 3.25. The quality factor decreases to 19.7, the energy of reflected waves are 
dissipated along the line and no end reflections are observed in Figure 3.25(a). So a high-Q 
element is critical for MI waveguides to support propagating waves. Figure 3.25(b) is the current 
signal in the driver coil that includes incident signal and end reflections. The updated quality 
factor, resonant frequency, and coupling factor are 177, 11.1 MHz, and 0.16, respectively. The 
end reflections happen at Coil 20 and travel back to the driver coil after 1.7µs. That is slower 
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than the reflected signal when ΔZ=0 in Figure 3.13(b) because the corresponding group velocity 
is less than that of the original MI waveguide, as shown in Figure 3.26. When the capacitance is 
modified by ΔC=0.5C, the reflected wave spends the same amount of time to propagate back. 
This can be also explained by the group velocity curve in Figure 3.26. 
 
Figure 3.26    Group velocity vs. Frequency with different self-impedance 
 
Figure 3.27    Current at driver coil: (a) M’=M (b) M’=0.8M (c) M’=1.2M 
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Figure 3.27 shows how the mutual inductance affects the property of propagating MI 
waves. The MI waveguide is still uniform. It is shown that the wave packet with strong coupling 
can propagate travel fast along the guide. In Figure 3.27, the arrival times for M’=0.8M, M’=M, 
M’=1.2M are 1.95µs, 1.4µs, and 1µs, respectively. The corresponding maximum group velocity 
is 254 km/s, 345 km/s and 483 km/s, as shown in Figure 3.28. The proposed method is to 
monitor the arrival time of end reflections, calculating the new group velocity, analyzing the 
reflected MI signal in the time domain. 
 
 
Figure 3.28    Group velocity vs. Frequency with different mutual inductance 
3.4  SUMMARY 
MI waveguides with both one and distributed defects were investigated in this chapter. 
The transmission and reflection coefficients were solved as functions of frequency and 
impedance match based on the circuit model of MI waveguides. For MI waveguides with one 
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and were observed by implementing the circuit model in PSpice. The reflected MI signal was 
sinc-like in shape because the MI waveguide behaved as a passband filter in the frequency 
domain. The arrival time of the burst signal depended on the location of discontinuity, and 
related to the travel distance by group velocity. Thus, the defect is located through multiplying 
group velocity by the arrival time, and the severity of defect depends on the signal strength of 
reflected waves. MI waveguides with distributed defects remained uniform, and no reflected 
waves were introduced, but the end reflections are stronger due to the difference between the 
load and new characteristic impedance. The group velocity could also be affect when the 
distributed defect is non-resistive. The proposed method is to monitor the signal strength and 
arrival time of end reflections to infer the severity of defect. 
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Chapter 4  Experimental Results and Analysis 
4.1 INTRODUCTION 
The purpose of this chapter is to present experimental results for developed one-
dimensional MI waveguide with and without defects and verify the proposed sensing 
mechanism. First, the MI waveguide are constructed by equally spaced PSCs designed in Section 
2.2. Then, the passband characteristics in frequency domain are measured for MI waveguides 
with different length and axial spacing to verify low-loss property. Furthermore, a pitch-catch 
measurement system is built to detect traveling MI signal in time domain, and a pulse-echo 
measurement system is designed to monitor reflected MI signal. The MI signal in time domain 
are captured and analyzed by TFR methods. Smoothed SWVD is the TFR method to be adopted. 
Experimental results investigating the waveguide with one defect and distributed defects 
conclude this section.   
4.2 LOW-LOSS MI WAVEGUIDE 
One-dimensional MI waveguides are constructed by an array of inductively coupled 
print spiral coil resonators, as shown in Figure 4.1. 
 
Figure 4.1    Photo of low-loss MI waveguide with d=1.4 cm  
Driver coil Plastic spacer 
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The first element serves as the driver coil, and the last element is terminated with mid-
band–matched impedance ω0M1. In this case, it is a resistor of 27Ω. All resonant elements are 
aligned by inserting a plastic spacer. The driver coil will be connected to a power source to 
excite MI waves propagating along the inductively coupled array. In the experiment, the 
transducer is not added to each sensor. We simulate the defect by inserting a resistor or capacitor, 
or by opening the circuit directly. 
The resonant PSCs are five-turn square-shaped PCS on the FR-4 substrate. An external 
capacitor of 101 pF is connected in series to tune the resonant frequency as 13.56 MHz. Fifty 
elements are measured showing that they resonate in the frequency range of 13.6±0.1 MHz and 
have quality factors of 161±12. The resonators are placed coaxially and separated equally by 
inserting plastic spacers between them, as shown in Figure 4.1. 
4.3 VALIDATION OF LOW-LOSS MI WAVEGUIDE      
We first measure the insertion loss of designed coaxial MI waveguide without any 
defects to verify the low propagation loss. The tests are repeated with different axial spacing and 
different length. 
4.3.1 Frequency Domain Experimental Setup 
 
The frequency responses are firstly obtained for MI waveguides with different axial 
separations d, which are 1.4 cm and 2.7 cm. Resistors with a value of 27Ω and 11Ω are chosen to 
terminate the two waveguides respectively. The data are acquired using the HP 4194A 
Impedance/Gain-Phase Analyzer. The experimental set-up schematic diagram is shown in Figure 
4.2.  
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Figure 4.2    Schematic diagram of frequency domain measurement set-up 
In Figure 4.3, the driver coil connects the input port of the HP 4194A Impedance/Gain-
Phase Analyzer through BNC connector, while the output port is connected across the matched 
impedance at the last coil. The experimental setup photo is shown in Figure 4.3.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
 
Figure 4.3    Photo of frequency domain measurement set-up 
4.3.2 Results and Validations 
 
The measured insertion loss curves for one-dimensional coaxial resonator arrays with 
d=1.4 cm and d=2.7 cm are presented in Figure 4.3. Both MI waveguide consists of 20 resonant 
PSCs. The x-coordinate is normalized to the frequency of 13.6 MHz.  
Driver coil 
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Figure 4.4    Insertion loss vs. Frequency with different axial spacing 
 
The two curves in Figure 4.4 both show that they can only support a band around element 
resonant frequency. Narrower spacing (d=1.4 cm) holds wider passbands and higher 
transmissions due to stronger coupling. The measured width of a passband for the MI waveguide 
with d=1.4 cm is around 7.32 MHz while the value decrease to 2.71 MHz with double spacing. 
The values agree with the simulated results in Section 2.3.2. The minimum insertion loss for the 
20-element MI waveguide that happens at the mid-band is -7.4 dB for d=1.4 cm and -14.7 dB for 
d=2.7 cm. High transmission is obtained during the passband; however, small ripples take place 
toward the band edge because the resistive load cannot match the characteristic impedance over 
the all band.  
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Figure 4.5    Insertion loss vs. Frequency with different length 
 Figure 4.5 shows the experimental insertion loss for an MI waveguide (d=1.4 cm) of 
different length. The number of elements rises to 40. The results demonstrate that the insertion 
loss increase with more number of elements making up an MI waveguide while the passband 
width remains unchanged.  
  
Figure 4.6    Mid-band loss vs. Number of elements 
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The test is repeated with two different axial spacing. We extract the insertion loss at mid-
band from N=10 to N=40 and plot the value in Figure 4.6 as a function of the number of 
elements. It shows that the mid-band insertion loss for MI waveguides rises almost linearly. 
When the axial separation is greater, the linked flux will leak into the air instead of coupling to 
the next coil. With axial separation of d=1.4 cm, the average additional loss per element is about 
0.098 dB, and for the 2.7 cm-resonator array 0.27 dB by the slope. The results are in accord with 
the simulation results of 0.096dB and 0.27dB in Section 2.3.4.  
4.3.3 Time Domain Experimental Setup 
 
The time domain experiment is used to verify the group velocity of supported MI waves. 
The induced current by travelling MI waves is recorded at the end element. The schematic 
diagram to measure propagating MI wave signal is shown in Figure 4.7.  
 
Figure 4.7    Schematic diagram for MI waveguide for pitch-catch measurement 
The MI waveguide under test is driven by a function generator in the first coil. A digitizer 
is connected across the resistive load to measure the voltage and then deduce the current signal at 
the final coil. A measurement system is built to provide the source and record the current signal 
when the waves arrive at the end. 
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Figure 4.8    Schematic diagram of pitch-catch measurement setup 
The pitch-catch measurement system is designed in Figure 4.8 and consists of a function 
generator, a 3-dB power splitter, an MI waveguide as device under test (DUT), and a digitizer. A 
3-dB power splitter is inserted between the function generator and the MI waveguide so that the 
digitizer can monitor the excitation signal at the first coil and the arrival signal at the last element 
simultaneously. Only then the time-of-flight can be observed by comparing the two signals.  
4.3.4 Results and Validations 
 
To measure the traveling MI signal, the digitizer is connected across the resistor at the 
final element but not elements between, in case reflections take place due to the introduced 
impedance mismatch. The digitizer is served as a voltage probe, and current information can be 
obtained through voltage divided by resistance. MI waveguides with different lengths are built 
and the current signals at the end are recorded. The real measurement system is shown in Figure 
4.9 as follows: 
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Figure 4.9    Photo of pitch-catch measurement setup 
Figure 4.9 is the measurement system photo. The MI waveguide under test consists of a 
line of resonators coaxially placed, with separation of 1.4 cm. The HP 3341A arbitrary waveform 
generator is used to generate square waves with a period of 20µs and a peak-to-peak amplitude 
of 10V. The signal is divided by a 3-dB power splitter with two equal signals having a decreased 
peak-to-peak value of 6.5 V. One output port of the power splitter is connected to an NI pxi-5122 
digitizer directly to monitor the initiation time of every step, and another port is connected to the 
first element of the MI waveguide and served to excite the MI signal. The generated MI waves 
travel along the MI waveguide and are captured at the last element across a 27 Ω terminator.  
Function 
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Power Splitter 
MI Waveguide 
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Figure 4.10    Measured transient current: (a) Coil 20 (b) Coil 40 
 
The measurements run for MI waveguides with different lengths. Results for the 20-
element and 40-element MI waveguides are shown in Figure 4.10. The received signal is 
discretized with a sampling frequency of 100 MHz. The arbitrary waveform generator fires at 
t=0, and the transient current value is obtained by the collected voltage across a resistance of 
27Ω. From Figure 4.10, the amplitude of wave packet at Coil 40 is smaller than that at Coil 20 
due to propagation loss. The induced current at Coil 20 shown in Figure 4.10(a) happens at 
0.65µs, and the known travel distance is 0.24 m. The deducted maximum group velocity is 370 
km/s, which is close to the simulated maximum group velocity of 372 km/s, taking the three 
nearest interactions in Section 2.3.3. But it cannot provide the frequency information of arrived 
signal. In Figure 4.10(b), the arrival time is 1.48µs, and the travel distance for a 40-element MI 
waveguide with d=1.4 cm is 0.5 m. The estimated maximum group velocity is 338 km/s, which 
is different from the estimated value by a 20-element waveguide. That is because the arrival time 
is chosen when the first-cycle sinc-like signal is observed. This method could be too rough; thus, 
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the time frequency representations of MI signals are provided for a more thorough 
understanding. 
4.3.5 Extraction of Group Velocity 
 
To relate the measured MI signal with defects more effectively, the group velocity should 
be provided to give an estimation of how fast MI waves travel along a specific waveguide. In this 
section, the group velocity over the band is extracted with arrival time and a known travel 
distance of MI signals. TFR of the signal is presented. We adopt the smoothed Wigner-Ville 
distribution (WVD) to obtain the ‘local’ frequency information. 
The smoothed WVD method is considered as an intermediate distribution between the 
short-time Fourier transform (STFT) and the original WVD. The STFT is the simplest example 
of a TFR. The basic idea is to divide the signal in the time domain into a number of small 
overlapping pieces [53]. Each piece is windowed and the STFT is applied. It does not suffer from 
cross-term interference between two signals, but it is unable to undergo satisfactory resolution in 
the time and frequency domains simultaneously. The original WVD for the signal s(t) is the 
Fourier transform with respect to τ of s(t+τ/2)s*(t-τ/2) [53]. It exhibits better temporal and 
frequency resolutions in general and can locate sinusoids, Dirac impulse, and linear chirps. 
However, it will introduce additional interference in addition to the desired signals. The 
smoothed WVD is a compromise between these two demands. The smoothed WVD filters the 
original WVD with a two-dimensional filter G [53]. The two-dimensional filter G can be used to 
suppress the interference terms without having much of an effect on the desired signal. To some 
extent, it sacrifices the time-frequency resolution compared to the original WVD method. The 
expression for the smoothed WVD is 
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The smoothed WVD method with hamming window is applied on the arrival waves in 
Figure 4.10(a). The window width is chosen as one-quarter of the data length.  Figure 4.11 is the 
smoothed WVD absolute value of the MI waves, with time on the horizontal axis and frequency 
on the vertical axis. It shows that the maximum spectral amplitude occurs at a frequency of 12 
MHz. The MI waveguide can support MI waves with a frequency range of 10.5 MHz to 16 MHz. 
The experimental frequency component with maximum amplitude and MI waves bandwidth 
match the minimum attenuation point and passband width in the dispersion relationship shown in 
Figure 2.18 (b). 
 
Figure 4.11    Smoothed WVD of MI signal 
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 (a) 
 
(b) 
 
Figure 4.12    Smoothed WVD of MI signal: (a) Coil 2 (b) Coil 40 
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In time domain, the time-of-flight is determined from the corresponding peak in the 
smoothed WVD for each frequency component. Then the group velocity equals the travel 
distance over the time of flight. First, we observe propagating MI waves and the calculated 
smooth WVD of MI waves at two different locations—Coil 2 and Coil 40. Figure 4.12 shows the 
smoothed WVD of the MI waves at Coil 2 and Coil 40. 
 
If we plot out the smoothed WVD of the MI signal only as a function of time at a single 
frequency, the corresponding peak value time can be seen clearly. Smoothed WVD of MI waves 
at Coil 2 and Coil 40 at a frequency of 12 MHz are shown below. The smoothed WVD curve is 
normalized to its maximum smoothed WVD value at 12MHz. The time corresponding to the 
peak for Coil 2 and Coil 40 are 0.07 µs and 1.74 µs, so the time of flight is 1.67 µs. Given the 
distance of 0.545 m, the extracted group velocity is around 326.8 km/s at a frequency of 12 
MHz. We use this method to estimate group velocity over the passband, and the results are 
shown in Figure 4.14. The agreement with simulated results is adequate for a group velocity 
diagram. Given the group velocity, TFRs of the MI signal can be used to decide the travel 
distance by extracting time information. 
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Figure 4.13    Smoothed WVD of MI signal at 12MHz: (a)  Coil 2 (b) Coil 40 
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Figure 4.14  Extracted group velocity of MI waves   
4.4 VALIDATIONS OF SENSING MECHANISM 
The sensing mechanisms proposed in Section 3.2.3 and 3.3.3 are based on the analysis of 
MI waves in the time domain. In this section, a measurement system is designed to measure the 
reflected MI signal. The set-up in the previous section cannot locate discontinuity along an MI 
waveguide because only the transmitted signal is measured and the arrival time is not effected by 
the defect location. The digitizer needs to be placed at the first element to capture the reflected 
waves. The pulse-echo experimental setup is provided, and the measurement results of a 40-
element MI waveguide with differing location of defect are provided. The time domain 
measurements illustrate reflections that take place when discontinuity exists in the line. 
4.4.1 Time Domain Experimental Setup 
  
The schematic diagram to measure reflected MI waves is shown in Figure 4.15. 
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Figure 4.15    Schematic diagram of MI waveguide for pulse-echo measurement setup 
In Figure 4.15, the first coil differs from what we used in the previous section. A small 
resistor with R=2.7Ω is added at the first coil as a voltage sensor. The voltage across the resistor 
is collected by the digitizer, which provides information about both the incident and reflected MI 
signal. The real measurement system is shown in Figure 4.14. 
 
Figure 4.16    Schematic diagram of pulse-echo measurement setup 
Figure 4.16 shows the measurement system constructed with the same equipment in 
Figure 4.8 but connected another way. The input square signal arrives at the first coil after a 3-db 
power splitter and the voltage across a 2.7Ω resistor is recorded by the digitizer. The copy of an 
input rectangular signal is also monitored by the digitizer through another output of the 3-db 
power splitter.  
4.4.2 Results and Validations 
 
The MI waveguide consist of an array of equally spaced 40 PSCs that resonate at 13.56 
MHz. The voltage of extra 2.7Ω resistor in series with the first resonant circuit component is 
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recorded to monitor the reflected MI signal. The photo of the pluse-echo measurement setup is 
shown in Figure 4.17. 
 
Figure 4.17    Photo of pulse-echo measurement setup 
A defect is introduced by making the resonant circuit open at a specific location. The 
current signals through the resistor with differing locations of defect are shown below. 
 
Figure 4. 18   Measured transient current with different location of defect: (a) Coil 15 (b) Coil 25  
(c) Coil 35 
 
 Figure 4.18 is the time-domain signal with a different location of defect in our 
waveguide. We can see the burst signal with three cycles in each plot at the beginning of the test, 
which represents the initiation of the MI waves at the first element. A much weaker burst 
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observed later is the reflected signal by the intended defect along the MI waveguide. The 
smoothed SWD of the transient current is shown in Figure 4.19. With defect at Coil 15, the 
maximum spectral amplitude occurring at a frequency of 12 MHz is observed at 1.32 µs. The 
time of flight for reflected waves with defect 25 and defect 35 are 2.17µs and 2.98µs, 
respectively. The group velocity is known to be 326.8 km/s from the previous section. The 
estimated round-trip travel distance l should be 0.43 m, 0.71 m, and 0.97 m. 
The number of defective elements is defined by l/2/dc, where dc is center-to-center 
distance between two coaxial PSCs. Since the gap between elements is 1.27 cm and the substrate 
thickness is 0.16 cm, the defect is supposed to occur at Coil 15, Coil 25, and Coil 34. The 
estimated value has one tag difference when the defect is at Coil 35.
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(b) 
(c) 
Figure 4.19    Smoothed WVD of MI signal with reflections (a) Coil 15; (b)  Coil 25; (c) Coil 35
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From the analysis above, the smoothed WVD can effectively generate the envelope of 
time-varying MI waves and present the time-frequency information. MI waves show great 
potential in detecting defects, which introduces discontinuities and give rise to reflected waves. 
4.5 SUMMARY 
One-dimensional MI waveguides with and without defect have been tested in this 
chapter. In the frequency domain, the insertion loss of MI waveguides without defects was 
measured with different spacings and lengths. A 0.098 dB loss per tag was achieved by PSCs 
designed in Chapter 2 at separation of half an inch. In the time domain, the measurement systems 
were built by a function generator, a 3-dB power splitter, and digitizer to monitor both incident 
and reflected MI signal. The group velocity for low-loss MI waveguides was extracted by the 
TFR of traveling MI signals, and the maximum group velocity was found to be at 326.8 km/s. 
For the MI waveguide in meters, the time of flight could be observed by a digitizer with a 
sampling rate of 100 MHz. The reflected waves were collected at the first coil to demonstrate a 
method to detect one defect along the waveguide. The arrival time was used to estimate the 
traveling distance with group velocity. 
MI waveguides with distributed defects were also tested. The uniform defects resulted in 
a different set of supported waves. End reflections with different amplitude and arrival time were 
monitored due to modified characteristic impedance and group velocity. With known length 
information, the updated group velocity was obtained, and then the circuit parameter change 
introduced by different transducers was concluded.  
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Chapter 5  Conclusions 
 
To make use of MI waves for sensing applications, the characteristics of MI waveguides 
with different kinds of defects were studied, and the corresponding sensing mechanisms were 
validated in this work.  
MI waveguide was a periodic magnetically-coupled resonator array. The single-layer 
square-shaped PSC with lumped capacitor was adopted as the resonant element. The 
performance of coil was optimized by adjusting its geometric parameters using well-established 
design methodology. The designed PSCs were fabricated on the FR-4 substrate and measured 
with an impedance analyzer. Their resonant frequency was 13.6±0.1 MHz with a quality factor 
of 161±12. A high-Q component with strong magnetic coupling was shown to be necessary to 
achieve low propagation loss and support strong signal. Then the one-dimensional MI waveguide 
was constructed by a line of coaxially placed PSCs, and their characteristics were studied with a 
lumped-element circuit model. The dispersion relationship showed that the MI waveguide could 
support a set of slow waves around the resonant frequency. The bandwidth was proportional to 
the magnetic coupling strength. The group velocity was also derived using the dispersion 
relationship. When building the MI waveguide, it was determined that the circuit component 
tolerance could not be overlooked either. The effect of tolerances on delivered power was also 
studied, and findings revealed that it is best to have a tolerance of less than 5 percent. 
MI waveguides with the one and distributed defects were then investigated. The 
transmission and reflection coefficients were solved as function of frequency and impedance 
match based on the circuit model of MI waveguides. MI waves in the time domain were 
simulated with PSpice. Its sinc-like shape was owing to passband frequency characteristics. 
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Multiplying the time of flight with group velocity determined the position of defect. MI 
waveguides with distributed impedance did not introduce reflected waves inside the guide 
because the modified impedance were same along the line. But strong end reflections and 
different arrival times could be introduced, depending on the type of transducers used. Given the 
known MI waveguide length, the updated group velocity was obtained by monitoring end 
reflections. The circuit parameter change due to transducer is deduced by the new group velocity.  
One-dimensional MI waveguides with and without defects were built and tested in both 
frequency and time domains. In the frequency domain, it was verified that the design of the MI 
waveguide could have propagation loss as low as 0.098 dB per tag at separation of half an inch. 
In the time domain, the group velocity for low-loss MI waveguides was extracted by time 
frequency representations of traveling MI signals. The maximum group velocity was 326.8 km/s. 
For MI waveguide in meters, the time of flight could be captured by a digitizer with a sampling 
rate of 100 MHz. The reflected waves were collected and processed, and the results validated the 
sensing mechanisms for the detection of one defect along the waveguide. MI waveguides with 
distributed defects were also tested. The uniform defects resulted in a different set of supported 
waves. End reflections were monitored to deduce the kind of circuit parameter change introduced 
by different transducers. The experiments demonstrated that the sensing mechanism works for 
the MI waveguide. 
The first possibility of the future work is to embed MI waveguide with transducers in 
concrete. The periodic array would provide a read range larger than the single embedded sensor, 
and new measurement techniques based on time-domain signals may be developed. The second 
possibility of future work is to explore the use of the MI waveguide as a strain gauge. Different 
resonant elements may be designed, and the group velocity change can be monitored based on 
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the shape transform. Finally, it may be possible to use MI waveguides as a discrete power source 
or transmitter. Each element could be designed for incorporating NFC technology. 
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